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Abstract
Background The advent of tissue engineering and regenerative medicine has introduced innovative approaches to treating 
degenerative and traumatic injuries, particularly in cartilage, a tissue with limited self-repair capabilities. Among the vari-
ous stem cell sources, umbilical cord-derived mesenchymal stromal cells (UC-MSCs) have garnered significant interest 
due to their non-invasive collection, minimal ethical concerns, and robust regenerative potential, particularly in cartilage 
regeneration.
Methods A comprehensive literature review was conducted using multiple databases, including PubMed, Scopus, Web of 
Science, and Google Scholar. Search terms focused on "umbilical cordderived mesenchymal stromal cells," "chondrogenesis," 
"cartilage regeneration," and related topics. Studies published in the past two decades were included, with selection criteria 
emphasizing methodological rigor and relevance to UC-MSC chondrogenesis. The review synthesizes findings from various 
sources to provide a thorough analysis of the potential of UC-MSCs in cartilage tissue engineering.
Results UC-MSCs exhibit significant chondrogenic potential, supported by their ability to differentiate into chondrocytes 
under specific conditions. Recent advancements include the development of biomaterial scaffolds and the application of 
genetic engineering techniques, such as CRISPR/Cas9, to enhance chondrogenic differentiation. Despite these advance-
ments, challenges remain in standardizing cell isolation techniques, scaling up production for clinical use, and ensuring the 
long-term functionality of regenerated cartilage.
Conclusion UC-MSCs offer a promising solution for cartilage regeneration in the field of regenerative medicine. Ongoing 
research is focused on overcoming current challenges through the use of advanced technologies, including bioreactors and 
gene editing. Collaborative efforts among researchers, clinicians, and bioengineers are essential to translating the potential of 
UC-MSCs into effective clinical therapies, which could significantly advance tissue regeneration and therapeutic innovation.
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Introduction

The advent of tissue engineering and regenerative medi-
cine has heralded a new era in the treatment of degen-
erative and traumatic injuries to tissues, including carti-
lage, a tissue known for its limited self-repair capability. 
Stem cells can be categorized as embryonic stem cells 
(ESCs), which are pluripotent and derived from early 
stage embryos but ethically debated; adult stem cells, 
found in tissues like bone marrow and adipose, which are 
multipotent; umbilical cord-derived stem cells, collected 
non-invasively from umbilical-cord blood and Wharton's 
jelly; and induced pluripotent stem cells (iPSCs), repro-
grammed from adult cells to a pluripotent state, avoiding 
ethical issues but involving complex procedures. Among 
the diverse sources of cells explored for regenerative pur-
poses, mesenchymal stromal cells (MSCs) have emerged 
as a cornerstone due to their multipotent nature, with the 
ability to differentiate into various cell types, including 
chondrocytes—the cells integral to cartilage formation 
[1]. This unique characteristic positions MSCs as a prime 
candidate for pioneering approaches in cartilage regenera-
tion. Within the spectrum of MSCs, those derived from 
the umbilical cord (UC-MSCs) have attracted considerable 
interest. Their appeal lies in several distinct advantages: 
the non-invasive nature of their collection, minimal ethi-
cal concerns compared to embryonic stem cells, reduced 
immunogenicity, and a prolific capacity for prolifera-
tion [2]. Recent studies underscore the potential of UC-
MSCs in significantly reducing joint tissue damage and 
inflammation, highlighting their superiority over MSCs 
derived from other sources in terms of proliferation rates 
and regenerative capabilities [3]. This empirical evidence 
supports UC-MSCs as a uniquely advantageous resource 
for cartilage regeneration, offering non-invasive collec-
tion methods and minimal ethical concerns [3–7]. These 
features not only underscore the therapeutic potential of 
UC-MSCs but also address some of the limitations associ-
ated with MSCs from other sources, such as bone marrow 
or adipose tissue, including invasive collection procedures 
and lower proliferation rates [7, 8].

Despite the recognized potential of UC-MSCs in regen-
erating cartilage and the advancements in their application 
within tissue engineering, several knowledge gaps persist. 
The mechanisms underpinning the chondrogenic differ-
entiation of UC-MSCs, the optimization of this differen-
tiation process, and the translation of laboratory findings 
into clinical applications remain areas of ongoing research. 
Furthermore, challenges, such as ensuring the long-term 
functionality of regenerated cartilage, averting immune 
rejection, and scaling up UC-MSC production under Good 
Manufacturing Practice (GMP) conditions for clinical 

usage, need to be addressed [2, 7, 9–11]. Additionally, the 
exploration of innovative methodologies and technologies 
to enhance the chondrogenic differentiation and cartilage 
regeneration capabilities of UC-MSCs, including genetic 
modification techniques and the development of novel bio-
materials, presents a fertile area for investigation [12–15].

We plan to investigate the chondrogenic potential of 
UC-MSCs in relation to cartilage tissue engineering. Our 
goals involve clarifying the complex mechanisms involved 
in the differentiation of UC-MSCs into chondrocytes, as 
well as examining the internal and external factors that 
influence this process. Additionally, we strive to evaluate 
recent developments aimed at improving the effectiveness 
of cartilage regeneration using UC-MSCs. Our approach 
entails a detailed analysis of recent studies, both pre-clinical 
and clinical, that utilize UC-MSCs for repairing cartilage. 
Through this in-depth examination, we seek to determine 
their potential for clinical application, while also identifying 
the challenges faced and potential areas for further research 
in this rapidly advancing field.

Methodology

A multi-database approach was adopted, encompassing 
PubMed, Scopus, Web of Science, and Google Scholar to 
capture a wide array of studies. The search terms employed 
included combinations of "umbilical cord-derived mesen-
chymal stromal cells," "chondrogenesis," "cartilage regen-
eration," "tissue engineering," "growth factors," "scaf-
fold design," and "genetic engineering." Inclusion criteria 
focused on peer-reviewed articles published in English over 
the past two decades. Studies were selected based on their 
methodological rigor, the relevance of findings to UC-MSC 
chondrogenesis, and their contributions to advancing under-
standing in the field. Reviews, meta-analyses, and original 
research articles were included to provide a balanced and 
comprehensive overview. The gathered literature was then 
critically appraised and synthesized, with a narrative review 
approach adopted to integrate findings from diverse sources.

Characterization of UC‑MSCs

UC-MSCs represent a promising cellular resource in the 
field of regenerative medicine, offering a non-controversial, 
readily available, and potent cell source for tissue engi-
neering applications [16, 17]. This segment delves into the 
nuanced methodologies for the isolation, detailed phenotypic 
characterization, and the multifaceted functional properties 
of UC-MSCs, with a particular emphasis on their chondro-
genic differentiation potential, drawing from a wealth of 
recent scientific inquiries.
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Isolation Techniques

The procurement of MSCs from the umbilical cord is exe-
cuted through meticulously designed protocols that signifi-
cantly influence the cells' purity, viability, and therapeutic 
applicability as described below.

A) Enzymatic Digestion: This technique involves the 
application of collagenase, hyaluronidase, and dispase 
to the Wharton's jelly component of the umbilical cord, 
efficiently releasing MSCs into a suspension [18, 19]. 
This process, documented in various studies [20, 21], 
is praised for its effectiveness in maximizing cell yield 
and viability, crucial for subsequent therapeutic uses 
[22, 23].

B) Explant Culture Method: An alternative approach 
that entails culturing umbilical-cord tissue segments, 
allowing MSCs to naturally migrate out of the tissue 
and proliferate in the culture medium. Celebrated for its 
simplicity and minimal cell manipulation—preserving 
the native cellular characteristics—this method is advan-
tageous for applications requiring the most natural cell 
state [24, 25].

C) Density Gradient Centrifugation: Occasionally 
employed to isolate MSCs from umbilical-cord blood, 
a technique that, while efficient, is gradually becoming 

secondary to the direct extraction from Wharton's jelly 
due to the latter's richer MSC content [8, 26, 27] as illus-
trated in Table 1.

Phenotypic Characterization

UC-MSCs are distinguished by a specific set of surface 
markers crucial for their identification and subsequent appli-
cation by flow cytometry as listed in Table 2.

• Surface Markers: These cells robustly express CD73, 
CD90, and CD105, markers indicative of their mesenchy-
mal lineage, while lacking expression of hematopoietic 
lineage markers such as CD34 and CD45. This consistent 
immunophenotypic profile across numerous studies con-
firms the mesenchymal identity and purity of UC-MSCs 
[15, 28].

• Morphological Characteristics: In culture, UC-MSCs 
adhere to plastic surfaces, presenting a fibroblast-like 
morphology. This trait, combined with their characteris-
tic growth patterns, is essential for their classification as 
MSCs and suggests their potential functional behavior 
in vitro and in vivo [8, 29].

Table 1  Detailed overview of UC-MSC isolation techniques

Technique Enzymes/method 
used

Cell source Advantages Disadvantages Yield Purity Viability

Enzymatic Diges-
tion [20, 21]

Collagenase, Hyalu-
ronidase, Dispase

Wharton's Jelly High cell yield, 
Effective for thera-
peutic use

Optimization of 
enzyme concentra-
tions required

High High High

Explant Culture [24, 
25]

N/A (Tissue Cul-
ture)

Wharton's Jelly Simple, Minimal 
manipulation, 
Maintains cell 
characteristics

Slower expansion, 
Potential lower 
yield

Moderate High High

Density Gradient 
Centrifugation 
[8, 27]

Ficoll-Paque Umbilical Cord 
Blood

Efficient for isolat-
ing blood-derived 
MSCs

Lower MSC content 
compared to 
Wharton's Jelly, 
Technical com-
plexity

Low Moderate Moderate

Table 2  Phenotypic 
characterization of UC-MSCs

Surface marker Expression level (%) Functional significance

CD73 98–100% Adhesion molecule, part of the MSC identity
CD90 95–100% MSC identity, Role in cell adhesion and proliferation
CD105 90–95% Part of MSC identity, Role in cell-to-cell adhesion
CD34  < 2% Hematopoietic lineage marker, Negatively expressed in MSCs
CD45  < 2% Leukocyte marker, Negatively expressed in MSCs
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Functional Properties and Chondrogenic 
Differentiation Potential

The application of UC-MSCs in cartilage regeneration is 
underpinned by their remarkable functional properties, spe-
cifically their proliferation and differentiation capabilities.

• Proliferation and Multipotency: UC-MSCs exhibit 
significant proliferative abilities, essential for generat-
ing the requisite cell numbers for therapeutic purposes. 
Their capacity to differentiate into various cell lineages, 
particularly into chondrocytes under defined conditions, 
underscores their versatility for applications such as bone 
and cartilage repair as shown in Fig. 1 [12, 13, 30].

• Immunomodulatory Functions: The immunomodula-
tory effects of UC-MSCs, capable of modulating immune 
responses and fostering an anti-inflammatory environ-
ment, are crucial for their integration into host tissues and 

success in clinical applications [28, 31]. Recent advance-
ments have illuminated methods to enhance UC-MSCs' 
chondrogenic differentiation, with studies demonstrating 
the efficacy of pulsed electromagnetic fields (PEMF) and 
specific pharmacological agents in augmenting this pro-
cess. These findings open new avenues for optimizing 
UC-MSCs' therapeutic application in cartilage regenera-
tion [32].

• Enhancement of Chondrogenic Differentiation: Recent 
research has illuminated methods to enhance the chon-
drogenic potential of UC-MSCs further. Techniques such 
as the application of PEMF and the use of specific phar-
macological agents have been shown to significantly aug-
ment chondrogenic differentiation, opening new avenues 
for optimizing their therapeutic application in cartilage 
regeneration [8, 14].

Fig. 1  Proliferative potential of UC-MSCs to bone and cartilage tis-
sue. A Empty sponge implanted in mice. B Undifferentiated UCB-
MSCs cultured in collagen sponges for 24 h before implantation. C 
UCB-MSCs cultured in collagen sponges in the absence of growth 
factors for 14  days before implantation. D UCB-MSCs cultured in 

the presence of BMP-2 and TGF-β1 for 14 days before implantation. 
(Control) Healthy human articular cartilage and human bone. The 
scale bar corresponds to 100  μm. The global aspect of the sponge 
construct, at lower magnification, is presented in the inset of the left 
images (A–D).  Adapted from Zhang et al.[12]
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Harvesting and Delivery Methods 
of UC‑MSCs

Harvesting Techniques

The efficiency of harvesting UC-MSCs is pivotal for lever-
aging their therapeutic potential in regenerative medicine, 
particularly for cartilage repair. These cells are extracted 
primarily from umbilical-cord tissue or blood through less 
invasive and ethically favorable methods compared to other 
stem cell sources. The enzymatic digestion of the Wharton's 
Jelly or the umbilical-cord blood (UCB) using a combina-
tion of collagenase and hyaluronidase represents a signifi-
cant advancement in this domain, yielding higher success 
rates of MSC isolation [8, 19, 33]. This method marks a 
crucial improvement over traditional isolation techniques, 
aiming to enhance cell yield and viability. However, achiev-
ing consistent outcomes requires overcoming the challenges 
of optimizing enzyme concentrations and incubation times, 
as well as standardizing the isolation process to minimize 
cell damage and ensure high viability of the isolated MSCs. 
Various storage and retrieval techniques for UC-MSCs have 
been developed to maintain cell viability and functionality 
(Table 3).

Preparation for Transplantation

Following isolation, UC-MSCs undergo a critical prepa-
ration phase involving cell culture expansion and scaffold 
integration, essential for their successful application in tis-
sue engineering. The proliferation of UC-MSCs in vitro is a 
requisite step to amass cells in quantities sufficient for thera-
peutic use. A notable strategy in this context is the employ-
ment of bioreactors which simulate physiological conditions 
to foster cell expansion while maintaining their stemness 
[28]. Moreover, the integration of UC-MSCs into fibrin 
scaffolds has been demonstrated to support their chondro-
genic differentiation significantly [12]. Innovations in scaf-
fold design, incorporating growth factors like transforming 

growth factor-beta (TGF-β), further enhance this differen-
tiation, crucial for cartilage regeneration applications [13]. 
These advancements underscore the importance of both the 
expansion techniques and the scaffold materials in preparing 
UC-MSCs for clinical use as illustrated in Fig. 2.

Delivery Methods

The methodologies for delivering UC-MSCs to damaged 
tissues are integral to their effectiveness in regenerative 
therapies. Direct injection of these cells into the target 
sites is a common approach, complemented by innovative 
strategies to augment their retention and differentiation. 
For instance, the adjunctive use of PEMF has been shown 
to significantly enhance chondrogenic differentiation [8]. 
Moreover, magnetic nanoparticles have been explored for 
their potential to guide and maintain injected MSCs at the 
target sites, addressing the challenges of cell dispersion [20]. 
Scaffold-based delivery offers a promising alternative, pro-
viding a three-dimensional matrix for UC-MSCs that sup-
ports their attachment, proliferation, and differentiation. This 
method benefits from the use of hydrogels that can solidify 
upon injection, creating an optimal environment for cell 
growth and integration into host tissues [21, 34, 35]. Recent 
advancements also include the development of injectable 
hydrogels that encapsulate UC-MSCs for sustained release 
at the injury site, merging the benefits of direct injection and 
scaffold-based delivery [28, 36, 37]. Innovations in these 
delivery methods, including the co-delivery of UC-MSCs 
with chondroprotective agents, aim to not only repair dam-
aged cartilage but also modulate the local environment to 
support comprehensive tissue regeneration [29].

Chondrogenicity of UC‑MSCs

In Vitro Studies

The exploration of UC-MSCs in vitro has provided foun-
dational insights into their chondrogenic differentiation 

Table 3  Storage and retrieval techniques for UC-MSCs

Storage facility Location Description

Lifecell International India A leading stem cell bank in India that offers comprehensive services, including collection, processing, and 
storage of umbilical cord blood and tissue

Cordlife India India Another major player providing similar services, ensuring the storage of stem cells under stringent quality 
standards

Reliance Life Sciences India Offers advanced storage solutions adhering to international guidelines for stem cell banking
Cryo-Cell International USA One of the oldest and most reputable cord blood banks, offering extensive storage and retrieval services
Vita 34 Germany Europe’s first private cord blood bank, providing high-quality storage and processing services
Singapore Cord Blood 

Bank (SCBB)
Singapore A public cord blood bank that supports both public donation and private storage options
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capabilities. High success rates in isolating MSCs from 
human umbilical-cord blood (HUCB) underscore the feasi-
bility of utilizing these cells for cartilage tissue engineering. 
The ability of these isolated cells to undergo differentiation 
into chondrocytes under specific culture conditions high-
lights their intrinsic chondrogenic potential [8].

Further advancing the field, the application of PEMF 
has emerged as a potent enhancer of chondrogenic dif-
ferentiation. The PEMF treatment notably augments cell 
proliferation and density and stimulates the expression of 
chondrocyte-specific markers, thereby fostering an environ-
ment conducive to chondrogenesis [12]. This finding posits 
PEMF as a beneficial adjunctive therapy for chondrogenic 
differentiation, offering a non-invasive method to augment 
the chondrogenic capacity of UC-MSCs.

The utility of chondrogenic differentiation mediums in 
inducing MSC differentiation into chondrocytes has been 
well documented. These methods have facilitated the expres-
sion of critical chondrogenic markers and the formation 
of cartilage-like tissue structures in vitro, substantiating 
the potential of UC-MSCs for cartilage regeneration [28]. 
Coculture systems, especially those incorporating UC-
MSCs with rabbit chondrocytes, have proven particularly 
efficacious. These systems significantly enhance chon-
drogenic differentiation, evidenced by the upregulation of 

chondrogenic markers such as aggrecan and collagen type II. 
Such coculture approaches provide a symbiotic environment 
that mimics physiological conditions, further optimizing the 
chondrogenic differentiation process [13].

In Vivo Applications and Clinical 
Perspectives

Translating in vitro achievements into in vivo applications 
has been crucial in demonstrating the chondrogenic and ther-
apeutic efficacy of UC-MSCs. One landmark study detailed 
how UC-MSCs, when incorporated into a collagen hydrogel 
and implanted into a rabbit model of cartilage defect, not 
only successfully underwent chondrogenic differentiation 
but also effectively integrated with the surrounding native 
cartilage. This application exemplifies the potential of UC-
MSCs for direct clinical applications in cartilage repair, 
showcasing their ability to regenerate cartilage-like tissue 
and meld seamlessly with the existing cartilage structures, 
thereby underscoring their practical utility in repairing car-
tilage defects [20].

Clinical trials provide concrete evidence of UC-MSCs' 
regenerative capabilities. For instance, a phase I/II clini-
cal trial assessing the safety and efficacy of injecting 

Fig. 2  Workflow of application of UC-MSCs for clinical application
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autologous UC-MSCs into patients with knee osteoar-
thritis reported marked improvements in patient pain and 
function. Additionally, MRI scans post-treatment indi-
cated signs of cartilage regeneration, offering compelling 
evidence of the chondrogenic and therapeutic efficacy of 
UC-MSCs in a clinical setting [21, 38].

Beyond cartilage regeneration, UC-MSCs exhibit a 
profound capability in modulating immune responses and 
enhancing tissue healing. In vivo applications in a murine 
model of osteoarthritis have not only shown UC-MSCs' 
ability to promote cartilage repair but also their role in 
reducing inflammatory cytokines within the joint environ-
ment. This dual action suggests a multifaceted therapeutic 
potential of UC-MSCs, encompassing both regenerative 
and anti-inflammatory effects [29]. Moreover, the combi-
nation of UC-MSCs with innovative scaffolding materi-
als has opened new avenues for enhancing chondrogenic 
differentiation and cartilage repair. A study exploring a 
novel scaffold made of hyaluronic acid and gelatin for 
delivering UC-MSCs into cartilage defect sites observed 
significant enhancements in cartilage regeneration and 
integration with native tissue. This research highlights the 
critical role of scaffold materials in supporting cell dif-
ferentiation and the repair process, pointing towards the 
importance of biomaterials in augmenting the therapeutic 
efficacy of UC-MSCs in cartilage regeneration [14].

Engineered Chondrogenesis by UC‑MSCs

Tissue Engineering Strategies

Tissue engineering strategies aim to recreate a conducive 
microenvironment that closely mimics the natural carti-
lage tissue niche, thereby promoting the chondrogenic 
differentiation of UC-MSCs. This involves a comprehen-
sive approach encompassing the development of biomate-
rial scaffolds and the strategic administration of growth 
factors to guide differentiation.

Biomaterial Scaffolds

Central to the concept of engineered chondrogenesis is the 
deployment of biomaterial scaffolds, designed to offer a 
three-dimensional (3D) matrix that not only supports cell 
attachment, proliferation, and differentiation but also emu-
lates the extracellular matrix (ECM) of native cartilage [39, 
40]. Among various biomaterials, collagen hydrogels have 
emerged as a frontrunner due to their biocompatibility and 
their structural and functional resemblance to the cartilage 
ECM. Research has demonstrated that UC-MSCs cultured 
within collagen hydrogels show elevated levels of chondro-
genic markers, such as collagen type II and aggrecan, indica-
tive of successful chondrogenic differentiation [13].

Further innovation is seen in the creation of compos-
ite scaffolds, which integrate the desirable properties of 
natural polymers with the mechanical robustness of syn-
thetic materials like poly(lactic-co-glycolic acid) (PLGA) 
[41–44]. These composite scaffolds are engineered to fine-
tune mechanical properties and degradation rates to match 
the requirements of the chondrogenic environment, further 
enhancing UC-MSC differentiation [20]. Moreover, the 
advent of electrospun nanofibrous scaffolds marks a signifi-
cant advance, providing a microenvironment with nanoscale 
features akin to the native cartilage matrix, thus offering a 
conducive setting for chondrogenic differentiation [29] as 
listed in Table 4.

Growth Factor Supplementation

The role of growth factors in modulating the chondrogenic 
differentiation of UC-MSCs is indispensable. TGF-β3 and 
BMP-6, in particular, have been identified as pivotal in 
orchestrating chondrogenesis when supplemented in culture 
media [45]. Their synergistic action significantly enhances 
the expression of SOX9 and collagen type II, critical mark-
ers of chondrogenic differentiation, highlighting the nuanced 
interplay of growth factors in chondrogenesis protocols [12]. 
Furthermore, the impact of fibroblast growth factor (FGF-2) 
on UC-MSC proliferation and chondrogenic potential has 

Table 4  Scaffold designs and their impact on chondrogenic differentiation

Scaffold material Fabrication technique Characteristics Impact on UC-MSC chondrogenesis

Collagen Hydrogels [13] Physical cross-linking Biocompatible, Resembles natural ECM Enhances expression of chondrogenic 
markers

PLGA Composites [20] Electrospinning, Solvent casting Adjustable mechanical properties, Bio-
degradable

Promotes cell proliferation and matrix 
production

Hyaluronic Acid-Based 
Hydrogels [29]

Chemical cross-linking High water content, Biocompatibility Supports chondrogenic differentiation 
and ECM formation
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been recognized, emphasizing the importance of growth 
factor selection in optimizing chondrogenic outcomes [21].

Genetic Engineering Approaches

The genetic engineering of UC-MSCs presents a frontier for 
enhancing their intrinsic chondrogenic capabilities, employ-
ing strategies to modulate gene expression directly involved 
in chondrogenesis.

Gene Editing

The advent of CRISPR/Cas9 gene editing technology has 
opened new avenues for chondrogenesis by allowing pre-
cise modification of genes central to the chondrogenic dif-
ferentiation pathway [46, 47]. Editing genes such as SOX9 
to augment its expression has shown promise in boosting 
chondrogenic differentiation efficiency, underscoring the 
potential of gene editing in enhancing the chondrogenic 
phenotype of UC-MSCs [28].

Transfection with Chondrogenic Transcription Factors

Transfection of UC-MSCs with vectors carrying chondro-
genic transcription factors, including SOX9, RUNX2, and 
AGGRECAN, offers a strategic approach to drive cells 
toward chondrogenesis [48, 49]. This strategy has been vali-
dated by research showing that UC-MSCs transfected with 
SOX9 exhibit increased chondrogenic marker expression 
and enhanced synthesis of cartilage-specific ECM compo-
nents, marking a significant step towards effective chondro-
genic differentiation [8].

Silencing of Inhibitory Molecules

The innovative use of RNA interference (RNAi) technol-
ogy to knock down genes that act as inhibitors of chondro-
genesis represents a critical strategy in genetic engineering. 
By silencing the expression of molecules within inhibitory 
pathways, such as those belonging to the WNT signaling 
cascade, a more favorable environment is created for chon-
drogenic differentiation of UC-MSCs [14].

The exploration of engineered chondrogenesis employ-
ing UC-MSCs encapsulates a dynamic and promising field 
within regenerative medicine, underscored by significant 
strides in both tissue engineering and genetic engineering 
strategies. Through the development of sophisticated bioma-
terial scaffolds and precise growth factor supplementation, a 
conducive microenvironment for chondrogenic differentia-
tion has been established. Concurrently, genetic engineer-
ing techniques offer unprecedented control over the cellular 
and molecular mechanisms underpinning chondrogenesis, 

promising to overcome the existing limitations and pave the 
way for innovative cartilage repair and regeneration thera-
pies. As research progresses, these advanced strategies are 
poised to transform the landscape of regenerative medicine, 
heralding a new era of therapeutic interventions for carti-
lage-related conditions.

Table 5 provides a detailed overview of the tissue engi-
neering strategies employed for engineered chondrogenesis 
using UC-MSCs, highlighting the deployment of biomate-
rial scaffolds, growth factor supplementation, and genetic 
engineering approaches, along with their specific benefits 
and relevant references.

Challenges and Future Perspectives

Challenges

The efficient isolation and differentiation of UC-MSCs 
into chondrocytes are pivotal for their application in car-
tilage regeneration. However, this process is fraught with 
variability. The success rate of isolating viable MSCs from 
umbilical-cord blood is notably inconsistent, with reports 
of success as low as 63%, emphasizing the critical need for 
standardization in isolation techniques to improve efficiency 
and cell viability [8, 26, 50, 51]. The differentiation pro-
cess is equally complex, influenced by a plethora of factors 
including the origin of the cells and the microenvironmen-
tal conditions such as specific growth factors, underscoring 
the need for a nuanced approach to enhance differentiation 
outcomes [12, 13].

Translating the success of chondrogenic differentiation 
protocols from bench to bedside introduces significant scal-
ability and quality control challenges. Laboratory-scale 
experiments that demonstrate promise face obstacles when 
scaled up for clinical applications, including increased risks 
of contamination, cell heterogeneity, and compromised 
differentiation potential. These challenges necessitate the 
development of sophisticated bioprocessing techniques and 
rigorous quality control measures to ensure the production 
of high-quality chondrocytes at a scale that is clinically rel-
evant [20, 21].

The ultimate objective of cartilage regeneration is to 
achieve functional integration and longevity of the regener-
ated tissue. However, current methodologies struggle to rep-
licate the intricate architecture and biomechanical properties 
of native cartilage, leading to regenerative outcomes that 
may fail under long-term physiological conditions [29]. Fur-
thermore, the potential immunogenic responses to allogeneic 
UC-MSC transplants highlight the importance of advancing 
research in immune modulation and compatibility to miti-
gate the risk of rejection or adverse reactions [14].
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Prospective Innovations and Future Directions

The application of advanced bioreactor technologies and 
three-dimensional culture systems holds promise for enhanc-
ing the efficiency and scalability of cartilage regeneration. 
Furthermore, the advent of gene editing technologies, par-
ticularly CRISPR/Cas9, offers an innovative approach to 
modulate the expression of genes critical to chondrogen-
esis, potentially revolutionizing the differentiation capacity 
of UC-MSCs [15, 31]. Innovations in scaffold design, aimed 
at emulating the extracellular matrix of cartilage, alongside 
bioprinting techniques for crafting patient-specific implants, 
present groundbreaking opportunities for improving regen-
erative outcomes [24].

The utilization of gene editing tools such as CRISPR/
Cas9 to target and modulate the expression of genes involved 
in chondrocyte differentiation and matrix synthesis repre-
sents a cutting-edge strategy. By fine-tuning the genetic 
controls of chondrogenesis, researchers can significantly 
enhance the efficiency and efficacy of cartilage regeneration, 

paving the way for more effective therapeutic interventions 
[31, 52]. Addressing the challenges of scalability and stand-
ardization remains pivotal for the clinical application of UC-
MSCs. Innovative solutions, such as the development of 
advanced bioreactors and three-dimensional culture systems, 
are being explored to overcome these hurdles, highlighting 
the crucial role of interdisciplinary collaboration in advanc-
ing regenerative therapies [53, 54]. The completed clinical 
trials utilizing UC-MSCs are listed in Table 6 along with 
their domain where it is being experimented.

Beyond cartilage regeneration, the pluripotent and immu-
nomodulatory properties of UC-MSCs offer a wide range 
of applications in regenerative medicine [55]. From treat-
ing autoimmune diseases to reducing transplant rejection 
and generating diverse tissue types, UC-MSCs embody a 
versatile tool with the potential to transform the landscape 
of regenerative therapies [30]. Navigating the utilization of 
UC-MSCs for chondrogenesis encompasses confronting 
numerous challenges, from the intricacies of cell isolation 
and differentiation to the complexities of scalability and 

Table 5  Engineered chondrogenesis strategies

Strategy Description Benefits References

Biomaterial Scaffolds Deployment of biomaterial scaffolds offering a 
3D matrix for cell attachment, proliferation, 
and differentiation, emulating ECM of native 
cartilage

Supports cell attachment, proliferation, and 
differentiation

[39, 40]

Use of collagen hydrogels due to their bio-
compatibility and structural resemblance to 
cartilage ECM

Elevated levels of chondrogenic markers (col-
lagen type II, aggrecan)

[13]

Creation of composite scaffolds integrating 
natural polymers with synthetic materials like 
PLGA to match chondrogenic environment 
requirements

Fine-tuning mechanical properties and degra-
dation rates

[41–44]

Advent of electrospun nanofibrous scaffolds 
providing a microenvironment with nanoscale 
features akin to native cartilage matrix

Offers a conducive setting for chondrogenic 
differentiation

[29]

Growth Factor Supplementation Supplementation with growth factors like 
TGF-Î23 and BMP-6 to enhance expression 
of SOX9 and collagen type II

Significant enhancement of chondrogenic 
marker expression

[45]

Impact of FGF-2 on UC-MSC proliferation and 
chondrogenic potential

Optimizes chondrogenic outcomes [21]

Synergistic action of growth factors in enhanc-
ing chondrogenic differentiation

Nuanced interplay of growth factors in chon-
drogenesis protocols

[12]

Genetic Engineering Approaches Gene editing using CRISPR/Cas9 to modify 
genes central to chondrogenic differentiation 
pathway

Precise modification of chondrogenic differen-
tiation genes

[46, 47]

Transfection with vectors carrying chondro-
genic transcription factors (SOX9, RUNX2, 
AGGRECAN) to drive cells toward chondro-
genesis

Increased chondrogenic marker expression and 
ECM synthesis

[48, 49]

Use of RNA interference (RNAi) technology to 
knock down genes inhibiting chondrogenesis, 
creating favorable environment for differen-
tiation

Favorable environment for chondrogenic dif-
ferentiation

[14]
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functional integration. However, the horizon of biotechnol-
ogy and bioengineering is replete with innovative solutions 
and approaches that promise to surmount these obstacles. By 
delving into the molecular underpinnings of chondrogenesis, 
embracing gene editing technologies, and exploring novel 
scaffold designs, the field of regenerative medicine stands on 
the cusp of groundbreaking advancements. The collaborative 
synergy between researchers, clinicians, and bioengineers is 
indispensable in translating the vast potential of UC-MSCs 
into efficacious, reliable regenerative therapies, marking a 
new chapter in the saga of tissue regeneration and therapeu-
tic innovation. UC-MSCs present a promising therapeutic 
modality with encouraging results in various domains of tis-
sue engineering and regenerative medicine, as illustrated in 
Table 6. They have the potential for matrix biogenesis along 
with trophic and reparative functional capabilities despite 
the adverse local milieu in which they are transplanted [22, 
56]. Hence, these cells warrant further research for their 
potential regenerative properties in various applications.

Conclusion

UC-MSCs offer a promising avenue for cartilage regenera-
tion in regenerative medicine. Despite facing challenges 
such as standardized cell isolation and scalable production, 
ongoing research is leveraging advanced technologies like 
bioreactors and gene editing to overcome limitations. This 
interdisciplinary approach promises not only more effi-
cient cartilage regeneration but also broader applications 

in regenerative medicine. Collaboration among scientists, 
clinicians, and bioengineers is essential to translate UC-
MSC potential into impactful therapies, marking a signifi-
cant advancement in tissue regeneration and therapeutic 
innovation.
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